Objective: To explore inflammatory mediators in morbidly obese (MO) subjects with various categories of glucose tolerance and to study the changes in these mediators after an oral glucose load. Design: Cross-sectional and experimental study. Methods: A total of 144 MO subjects were classified into three categories: normal glucose tolerance (NGT); pre-diabetes; and new onset diabetes mellitus (NODM) were included, as were 27 normal weight normoglycemic controls. Serum osteoprotegerin (OPG), visfatin, leptin, adiponectin, interleukin-1 receptor antagonist (IL-1Ra), and C-reactive protein (CRP) were analyzed during an oral glucose tolerance test (OGTT). Results: Fasting levels of leptin and IL-1Ra were consistently higher in obese persons (P!0.001 and P!0.05). MO subjects with NGT had higher CRP levels (P!0.001) and lower adiponectin levels (P!0.05) compared to controls. Yet when compared with MO subjects with NODM, those with NGT had lower CRP levels and higher adiponectin levels (both P!0.05). Baseline OPG and visfatin levels did not differ between the groups (PZ0. 326 and PZ0.198). During OGTT, OPG levels decreased (P!0.001) and visfatin levels increased transiently (PZ0.018). The response in OPG and visfatin did not differ between the groups (PZ0.690 and PZ0.170). There were minor changes in adiponectin and leptin levels. Conclusions: Morbid obesity and glucose intolerance were associated with lower adiponectin levels and higher CRP levels, thus supporting a relationship between obesity, glucose homeostasis, and inflammation. Oral glucose suppressed OPG levels and transiently enhanced visfatin levels independent of obesity and glucose tolerance status, indicating that glucose may be involved in the acute regulation of these proteins.
Introduction
The prevalence of both overweight and obesity is increasing worldwide, and subsequently, so too is the prevalence of type 2 diabetes (1). Obesity and type 2 diabetes are frequently associated with low-grade inflammation (2). Increased plasma concentrations of C-reactive protein (CRP) and interleukin-1 receptor antagonist (IL-1Ra) have been linked to insulin resistance and obesity (3-7). More recently, elevated levels of osteoprotegerin (OPG), a member of the tumor necrosis factor (TNF) receptor superfamily, have been associated with type 2 diabetes (8, 9) . OPG is mainly produced by osteoblasts, but other cells, including dendritic, smooth muscle, and endothelial cells, also express OPG (10) . Moreover, OPG is known to block the effects of the receptor activator of nuclear factor kB ligand (RANKL) in osteoclasts, various immune cells and endothelial cells, thereby affecting bone metabolism, immunity, and vasculature (10, 11) . However, the physiological and pathophysiological role of OPG is far from clear.
Rather than being a passive energy store, adipose tissue is now recognized as an important secretory organ producing a range of bioactive proteins called adipokines, which could be involved in the pathogenesis of metabolic complications related to obesity. For instance, leptin is highly correlated with body mass index (BMI) and insulin levels (12) . However, the possible associations between visfatin, a recently identified adipokine produced by both visceral and subcutaneous white adipose tissue (13) , obesity, and type 2 diabetes have been disputed (14) (15) (16) (17) . Recently, visfatin was found to be essential for the functioning of b-cells, showing a novel process by which fat cells may modulate insulin secretion (13) . Additionally, visfatin displays inflammatory properties (18) . In contrast to other adipokines, the levels of the anti-inflammatory adipokine adiponectin are reduced in obesity and type 2 diabetes (19) (20) (21) (22) . This may further exacerbate the state of low-grade systemic inflammation associated with obesity.
Although a number of studies have examined the regulation of cytokines and adipokines in obesity, the possible role of these pro-and anti-inflammatory substances in relation to impaired glucose tolerance and type 2 diabetes within morbidly obese (MO) persons (BMIR40 or R35 kg/m 2 with a weight-related comorbidity) is far from clear. In order to explore the association between obesity, glucose metabolism, and inflammation, we measured serum levels of OPG, visfatin, leptin, adiponectin, IL-1Ra, and CRP at a fasting state and during an oral glucose tolerance test (OGTT) in both normal weight (NW) normoglycemic subjects and MO subjects with or without abnormal glucose metabolism.
Subjects and methods
The morbid obesity treatment, bariatric surgery, versus intensive lifestyle intervention study Between December 2005 and May 2006, 228 MO patients were consecutively screened at a regional tertiary care center in order to participate in the morbid obesity treatment, bariatric surgery, versus intensive lifestyle intervention (MOBIL) study (ClinicalTrials.gov number NCT00273104). A total of 181 patients were found to be eligible for either bariatric surgery or intensive lifestyle intervention, and were subsequently included in the study. The primary aim of this ongoing study is to compare the effects of both bariatric surgery and intensive lifestyle intervention on various comorbidities, eating behavior, and quality of life. The current substudy had one cross-sectional part (baseline analysis) and one experimental part (OGTT).
Subjects
At the time of the OGTT, subjects from the MOBIL study who were not MO (BMI!35 kg/m 2 ; nZ3), had undergone malabsorptive surgery (nZ3), used metformin (nZ3), or had known diabetes (nZ28) were excluded. Consequently, 144 MO subjects were included in the analysis. Additionally, a control group of 27 persons with NW (18 kg/m 2 !BMI!25 kg/m 2 ) and normal glucose tolerance (NGT) were recruited from healthy employees at Vestfold Hospital Trust.
MO subjects were classified into three categories of glucose tolerance according to the American Diabetes Association criteria (23): NGT (fasting serum glucose !5.6 mmol/l and 2-h serum glucose !7.8 mmol/l); pre-diabetes (fasting serum glucose between 5.6 and 6.9 mmol/l and/or 2-h serum glucose between 7.8 and 11.0 mmol/l); and new onset diabetes mellitus (NODM; fasting serum glucose R7.0 mmol/l or 2 h serum glucoseR11.1 mmol/l).
Clinical characteristics
All participants underwent a medical examination by a physician and demographic data and medical history were recorded on standardized forms. Patients, wearing light clothing and without shoes, were weighed and measured for height. The BMI of each patient was calculated as weight in kilograms divided by the square of the height in meters. Blood pressure was measured with an appropriately sized cuff after at least 5 min rest with the patient seated in an upright position. Three measurements were made and the average of the second and third measurement was registered and used in the analyses.
Insulin sensitivity and b-cell function
Using data from the OGTT, insulin sensitivity was estimated using the insulin sensitivity index ISI 0,120 and b-cell function calculated using the insulinogenic index (Dinsulin 30 /Dglucose 30 ). ISI 0,120 correlates well with the euglycemic clamp (24), whereas Dinsulin 30 / Dglucose 30 is widely used as an index of early insulin response (25) . The latter also correlates well with the acute insulin response from the i.v. glucose tolerance test (26) .
Laboratory analyses
Blood was collected by venipuncture following an overnight fast. The 75 g OGTT was performed at 0800 h and blood samples were drawn both before glucose ingestion and 30 and 120 min after. Serum samples from the OGTT were separated after 30 min and either stored at K80 8C or analyzed the same day. Analyses of serum glucose and blood lipids were performed using dry reagent slide technology on the Vitros 950 Analyzer (Ortho-Clinical Diagnostics, New York, NY, USA). HbA 1 c was analyzed using high performance liquid chromatography on Tosoh HLC-723 G7 (Tosoh Corporation, Tokyo, Japan). Serum levels of insulin were measured by radio immunoassay (Insulin Coat-A-Count, DPC, Los Angeles, CA, USA), while serum levels of visfatin (Phoenix Europe GmbH, Karlsruhe, Germany), IL-1Ra (Biosource, Invitrogen Corporation), CRP (27) , OPG (R&D systems, Minneapolis, MN, USA), adiponectin (R&D systems), and leptin (R&D systems) were measured using enzyme immunoassays on stored samples. All samples were measured in duplicate and serial samples from a given individual were run at the same time. Intra-and inter-assay coefficient of variation were !10% for all assays.
Statistical analysis
Data are presented as either mean (S.D.) or number (%) unless otherwise specified. Skewed data (insulin, triglycerides, high-density lipoprotein (HDL) cholesterol, OPG, visfatin, adiponectin, IL-1Ra, and CRP) were transformed using natural logarithms in order to compare means and meet the assumptions of the correlation and regression analyses. Two subjects with extremely high visfatin levels (O700 ng/ml) were excluded from the analysis. To compare differences between groups at baseline, independent sample t-test or one-way ANOVA with post-hoc comparisons were used for continuous data, while c 2 was used for categorical data. We used two-way repeated measures ANOVA, with time and group as independent variables, to evaluate changes on variables measured during OGTT (effect of time) and to examine differences in changes in these variables between groups (interaction between time and group; effect of time!group). When a statistically significant main effect of time was found, post-hoc comparisons were performed. Least significant difference procedure was used for the adjustment of multiple comparisons. Pearson's correlation was calculated to explore the associations between continuous variables. Stepwise multiple regression analysis was used to identify independent determinants for insulin sensitivity (ISI 0,120 ). P values !0.05 were considered statistically significant.
Approvals and ethics
The Regional Ethics Committees for Medical Research approved the study protocol and the study was performed in accordance with the Declaration of Helsinki. All participants gave informed written consent before enrollment. We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during this research.
Results

Clinical and biochemical characteristics
All but four of the participants were of Europoid origin. Their mean age was 43 (11) years, while 121 of the subjects (71%) were women. Clinical and biochemical characteristics according to obesity and glucose tolerance categories are shown in Table 1 .
Baseline concentrations of cytokines and adipokines
Baseline OPG and visfatin levels did not differ significantly between groups ( Fig. 1A and B ). The serum levels of leptin and IL-1Ra were significantly higher in MO subjects when compared to those of the NW normoglycemic control group (Fig. 1C and D). Among the obese subjects, the leptin and IL-1Ra concentrations did not differ significantly across the glucose tolerance categories. Notably, a different pattern emerged for the serum levels of adiponectin and CRP; significantly higher serum levels of CRP and lower levels of adiponectin were observed in normoglycemic MO subjects when compared with the normoglycemic NW subjects ( Fig. 1E and F) . Additionally, among the MO subjects, glucose intolerance was associated with lower adiponectin levels and higher CRP levels.
In the whole study population, insulin sensitivity (ISI 0,120 ) was negatively correlated with serum levels of OPG (rZK0.183, PZ0.016), leptin (rZK0.416, P!0.001), IL-1Ra (rZK0.216, PZ0.005), and CRP (rZK0.460, P!0.001), while it was positively correlated with adiponectin levels (rZ0.248, PZ0.001).
Stepwise multiple regression analysis including the inflammatory mediators that had a statistically significant correlation with insulin sensitivity, revealed that only CRP (bZK0.330, P!0.001) and leptin (bZK0.229. PZ0.005) were significant determinants of insulin sensitivity (r 2 Z0.247).
OPG levels were, in the whole study population, positively correlated with CRP (rZ0.184, PZ0.016) and visfatin (rZ0.402, P!0.001) levels, while they were negatively correlated with adiponectin levels (rZK0.275, P!0.001).
In the MO subjects, baseline leptin levels were significantly higher in women than in men (P!0.001), while baseline OPG levels were significantly higher in post-menopausal (nZ25) women than in pre-menopausal women (nZ78; PZ0.034). No other differences in inflammatory mediators, either between men and women or between pre-and post-menopausal women, were found (data not shown).
Changes during the OGTT
As was expected, glucose and insulin levels during the OGTT showed dissimilar patterns between groups with different glucose tolerance ( Fig. 2A and B) . These changes in glucose and insulin levels were accompanied by several changes in the levels of adipokines-and cytokine-related variables (Fig. 3A-D) . OPG, visfatin, leptin, and adiponectin levels, but not IL-1Ra and CRP levels (data not shown), changed significantly during the OGTT (effect of time). There were no statistically significant interactions between the effects of time and group for OPG, visfatin, leptin, and adiponectin, denoting that the changes in these inflammatory mediators did not differ significantly between groups (effect of time!group). Owing to statistically significant main effects of time, post-hoc analyses were performed. These analyses revealed that in the whole study population, OPG levels decreased and were statistically significantly different at both 30 and 120 min compared to baseline (both P!0.001). Additionally, visfatin peaked at 30 min (PZ0.007) and returned to baseline levels after 120 min (PZ0.436). Leptin and adiponectin levels were both lower at 120 min compared to baseline levels, yet although significant, the changes were rather modest in size.
Changes in OPG (DOPG 0-30 and DOPG 0-120 ) and visfatin (Dvisfatin 0-30 ) levels were not significantly correlated with changes in glucose or insulin levels during the first 30 min of the OGTT (Dglucose 0-30 and Dinsulin 0-30 ; data not shown).
Discussion
This study, which examined various inflammatory mediators in a relatively large number of MO individuals before and after an oral glucose load, has two major findings. First, both morbid obesity and glucose intolerance were associated with lower adiponectin levels and higher CRP levels. Second, OPG levels decreased and visfatin levels transiently increased after an oral glucose load, independent of obesity and glucose tolerance status.
Cytokines and adipokines at baseline
Our findings support the theory that obesity and glucose abnormalities may adversely affect CRP and adiponectin levels (3-5, [19] [20] [21] [22] . However, to our knowledge, we are the first to demonstrate within MO subjects both a stepwise increase in serum CRP levels and a concomitant decrease in serum levels of adiponectin across categories of glucose tolerance (from NGT to NODM). These findings suggest that inflammation has a role to play in the conditions characterized by insulin resistance. Indeed, in accordance with previous studies (5, 6, 21, 22) , we found that CRP was negatively correlated with insulin sensitivity and adiponectin positively correlated. Furthermore, we confirm the findings from a smaller study that showed levels of IL-1Ra elevated in MO subjects and associated with insulin resistance (7) . Notably, the levels of IL-1Ra did not vary across different categories of glucose tolerance in our study. CRP was, in the current study, the inflammatory marker that best predicted insulin sensitivity. Whether our observations reflect some causal relationship between inflammation, obesity, and disturbed glucose homeostasis is at present unclear. However, the interaction between inflammation and these metabolic abnormalities could clearly contribute to the increased occurrence of cardiovascular complications in obese individuals.
In the current study, we report an inverse correlation between serum levels of OPG and adiponectin. This finding is in line with an in vitro study showing that adiponectin inhibited OPG expression in osteoblasts (28) . These findings may suggest an unfavorable effect of adiponectin on bone metabolism. Indeed, an inverse association between bone mineral density and adiponectin levels has been recently observed (29) . In line with previous reports (30, 31) , we found a positive correlation between serum levels of OPG and CRP, further suggesting a relationship between OPG and inflammation. While the strong and positive correlation between serum levels of OPG and visfatin has not been previously reported, neither the mechanisms nor the clinical implications of this finding are clear at present.
OPG levels declined after the oral glucose load
Our finding of a consistent decrease in OPG levels after an oral glucose challenge extends the validity of the results found in a recent study of post-menopausal Thai www.eje-online.org women (32) to both white MO and lean subjects of both genders. In accordance with the previous study, we demonstrated a significant decline in the OPG levels of obese and non-obese individuals during OGTT, with no significant differences in changes in OPG levels between groups. This suggests that the changes in OPG may be independent of obesity and glucose tolerance status.
During a hyperglycemic clamp study Knudsen et al. showed that decreasing levels of OPG were negatively correlated with changes in insulin levels but not with changes in glucose concentrations, indicating that hyperinsulinemia may suppress OPG synthesis and/or release (33) . Two recent in vitro studies have partly supported this theory, and have shown insulinsuppressed OPG synthesis in adipocytes and vascular smooth muscle cells (34, 35) . Another in vitro study found insulin to have no effect on OPG release in vascular endothelial cells (36) . By contrast, glucose did not influence either OPG synthesis from vascular smooth muscle cells or OPG release from endothelial cells (35, 36) . Although we have demonstrated that OPG levels decreased after an oral glucose load, we cannot confirm any correlation between the changes in insulin and OPG levels. However, this lack of correlation does not rule out the hypothesis that increased endogenous insulin secretion, observed after an oral glucose load, may inhibit OPG synthesis and/or release.
OPG counteracts the action of RANKL as well as TNF-related apoptosis inducing ligand (37) . A decline in OPG levels could therefore potentially lead to enhanced activity of these TNF-related cytokines. However, the potential biological consequences of this OGTT-related decrease in OPG levels are at present unclear.
Visfatin levels increased after the oral glucose load
It has been hypothesized that visfatin may influence insulin secretion by modulating b-cell function (13) . Furthermore, Haider et al. demonstrated both that visfatin released from adipocytes was enhanced by glucose in vitro and that hyperglycemia, during a glucose clamp, was associated with increased visfatin levels, which could be reversed by co-infusion of insulin (38) . Haider et al. also found, in pregnant women both with and without gestational diabetes (GDM), transiently increased visfatin levels after an oral glucose load (39) . Other studies, however, have failed to demonstrate any visfatin response during an OGTT (40, 41) . Our finding of a transient increase in visfatin levels during the OGTT partly supports the findings observed in pregnant women (39) . Yet, contrasting that study, which showed a reduced visfatin response in women with GDM, with our own, we have found the visfatin response to be independent of obesity and glucose tolerance status. Although we did not find any correlation between changes in visfatin and changes in glucose or insulin, the possibility that glucose and/or insulin may be involved in the regulation of visfatin cannot be ruled out.
Limitations
This study has a number of limitations. First, the study population consisted of mainly middle-aged white subjects, limiting the generalizability of our findings to other age groups and ethnicities. Secondly, the crosssectional design made it impossible to establish any cause and effect relationships. Thirdly, while we present data on the short-term effect of glucose on levels of various adipokines and cytokine related mediators, this may not necessarily reflect the situation in obese patients with long-term exposure to increased levels of glucose and insulin. Finally, although the altered levels of visfatin and OPG during OGTT seem consistent, the biological effects of these alterations are at present unclear.
Conclusions
In conclusion, both morbid obesity and glucose intolerance were associated with lower adiponectin levels and higher CRP levels. These findings give support to the theory that inflammation has a role to play in these metabolic conditions. In addition, OPG levels decreased and visfatin levels transiently increased after an OGTT, suggesting a possible regulator pathway for these proteins. Importantly, it must be noted that the mechanisms by which glucose and insulin regulate adipokines and cytokines, and vice versa, are not yet fully understood. Further mechanistic studies are therefore needed in order to address these issues.
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